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A single nephron model of acute tubular injury: Role of tubuloglomer.
ular feedback. A single nephron model of nephrotoxic tubular injury
was established to examine the mechanism whereby acute tubular
damage contributes to reductions in nephron filtration rate (SNGFR).
Acute microperfusion of 0.5 ng of uranyl nitrate (UN) into the early
proximal tubule produced a significant reduction (16 to 30%) in SNGFR
measured in both distal and proximal tubules of the same nephron and
a decrease in absolute proximal reabsorption. Microperfused inulin was
retained in the tubule suggesting this finding reflected a true reduction in
SNGFR. Concurrent infusion of high dose furosemide (2 x iO M) and
bumetanide (2 x l0— M), but not low dose furosemide (2 x l0- M),
prevented the UN induced reduction in SNGFR. High dose furosemide
begun after UN perfusion also prevented reduction in SNGFR. Con-
tinuous direct measurement of glomerular capillary hydrostatic pres-
sure revealed no change. Distal intratubular Na and C1 concentration
increased significantly after UN perfusion. Activation of tubuloglomer-
ular feedback mechanisms best explains the reduction in glomerular
ultrafiltration that is characteristic of nephrotoxic forms of tubular
injury.
The syndrome of acute renal failure is best described by
tubular injury and/or necrosis and a significant reduction in
whole kidney glomerular filtration rate (GFR). Although it is
accepted in both clinical and experimental studies of acute renal
failure that both tubular damage and alterations in GFR are
coincident events, the actual mechanisms whereby tubular
injury translates into changes in GFR are not always obvious.
In certain circumstances, the reduction in GFR can be ex-
plained by transepithelial back leak of solutes as large as inulin
[1—31 and in other circumstances mechanical obstruction of the
tubule, partial or complete [3—6], logically contributes to reduc-
tions in nephron filtration rate (SNGFR). However, in certain
circumstances one cannot explain the alterations in nephron
filtration rate entirely on the basis of obvious mechanical events
and morphologic changes within the tubule or tubular lumen.
Recent studies have suggested that some of the changes in
glomerular filtration which occur following tubular injury, es-
pecially in nephrotoxic models of acute renal failure, are at least
partially functional in nature in that under certain circum-
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stances glomerular filtration can be improved without obvious
improvement in the degree of tubular damage [7, 8]. Recent
studies using nephrotoxic acute renal failure models in animals
from this [8] and other laboratories have shown that with uranyl
nitrate and gentamicin nephrotoxicity [7], improvements in
GFR can occur following treatment with angiotensin converting
enzyme inhibitor or with acute plasma volume expansion
without improving the underlying tubular damage. In the early
stages of these models tubular obstruction is not an important
contribution of the reduction in glomerular filtration rate [2].
However, many questions arise as to the specific mechanisms
whereby tubular damage can be dissociated from alterations in
glomerular hemodynamics. Is this observed dissociation based
upon changes in events at the single nephron level or the
consequence of alterations in systemic responses affecting the
glomerulus?
The questions addressed in this study relate specifically to the
mechanism whereby tubular damage directly or indirectly
causes a change in nephron filtration rate at the level of the
single nephron. We have chosen the model of uranyl nitrate
nephrotoxicity and examined the early phases at the level of the
single nephron. Several questions have been posed in this
micropuncture study: 1) Can we establish a model of single
nephron acute tubular injury by administering the toxin to a
single nephron unit and producing a change in nephron filtration
rate? 2) Is there evidence for a functional link between tubular
damage and alterations in SNGFR? and 3) Can we provide
insights into the mechanisms, that is, tubuloglomerular feed-
back activation [9—14], that contribute to this link between
tubular damage and altered glomerular ultrafiltration function?
Methods
Studies were conducted in twenty-five male Munich Wistar
rats weighing approximately 200 to 240 g and derived from a
colony maintained at the Animal Research Facility, San Diego
Veterans Administration Medical Center. Rats were maintained
on a normal rat chow until 18 hours prior to micropuncture and
allowed free access to water during this period. On the day of
the micropuncture experiment, rats were anesthetized with
mactin (100 mg/kg i.p.) and preparatory surgery was performed
as previously described from this laboratory [8, 13, 15]. The
kidney was exposed via a left subcostal incision, placed into a
lucite cup and covered with warm isotonic NaC1-NaHCO3. The
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Fig. 1. Experimental protocol is described for
the current studies after the topography of the
tubule on the surface has been delineated. (1) A
micropipette containing either artificial tubular
fluid (ATF), furosemide or bumetanide connected
to a nanoliter microperfusion pump was inserted
into an early proximal tubular segment and
perfused at 5 nI/mm. Immediately thereafter,
(2) a control SNGFR was collected from the
distal tubule, (3) A second pipette containing UN
in ATF connected to a pump was inserted into
the early proximal tubular segments and 0.5 ng
UN was perfused over 3 minutes. (4) Five
minutes later the SNOFR was re-evaluated from
a distal tubular collection. (5) A late proximal
tubular collection for SNGFR and absolute
proximal reabsorption (APR) was then obtained
and (6) SNGFR was evaluated for SNGFR and
APR in an adjacent late proximal tubule.
left ureter was cannulated with a PE 50 catheter. Mean arterial
pressure was constantly measured by a femoral artery catheter
(PE 50) connected to a PE 23dB Statham transducer and
recorded on a Statham chart recorder.
Micropuncture protocol
Studies were performed under the condition of euvolemia
established as follows: Prior to micropuncture an infusion of
donor plasma at a volume equal to 1% body weight was
administered over 60 minutes and continued at a volume
equivalent to 0.15% body weight per hour throughout the
micropuncture study [3, 16]. Simultaneously with the plasma,
isotonic NaC1-NaHCO3 solution with added 3H inulin was
infused at 1.5 mllhr through the entire experiment in order to
deliver 100 pCi/hr of inulin (Fig. 1).
Production of the experimental model. Proximal and distal
tubular segments of the same nephron on the surface of the
kidney were characterized by the injection of lightly stained
(FD&C dye) isotonic NaC1-NaHCO3 via pipettes with 3 to 4
micron tip into either very early proximal tubular segments or
into the urinary space of surface glomeruli. Nephrons were
selected on the basis of exhibiting an early distal tubular
segment and a well-defined late proximal tubular segment. After
definition of the structures, a micropipette with a 7 to 9 micron
tip containing artificial tubular fluid (ATF) and attached to a
Hampel nanoliter pump was inserted into an early proximal
segment. This pump was allowed to run at approximately S
nl/min perfusion rate during the entire procedure that will be
described. After establishing perfusion, an oil block was placed
in the early distal tubule and a control collection was obtained
for evaluation of tubular flow rate, electrolyte composition
(Nn, Cl—), and SNGFR. Immediately after this tubular fluid
collection and after carefully venting the distal tubule, a second
micropipette connected to a Hampel pump was inserted into an
early proximal tubular segment and the ATF solution within the
pipette contained sufficient uranyl nitrate to deliver 0.5 ng over
a period of three minutes at a rate of 7 nI/mm. Uranyl nitrate is
completely soluble in artificial tubular fluid. After the three
minutes of uranyl nitrate perfusion, the pump was turned off but
the pipette remained in the tubule to prevent any tubular fluid
leaks. Five minutes after terminating the uranyl nitrate perfu-
sion, a second collection was obtained from the same distal
tubule for re-evaluation of distal tubule flow rate, electrolyte
composition and SNGFR. Thereafter, an oil block was placed
in the late proximal tubule to measure late proximal flow rate
and SNGFR. Obviously this sequence of sampling was required
since pre- and post-uranyl nitrate distal tubule collections must
have been obtained prior to the late proximal collection. A late
proximal segment of a nearby nephron was localized with the
dye pipette and a late proximal collection was obtained after
placing an oil block for late proximal tubular flow rate and
SNGFR. This last nephron served as an untreated control for
the late proximal tubular assessment of the uranyl nitrate
treated nephron. Prior to and immediately after a set of tubular
fluid collections were obtained from a single nephron, a sample
of systemic blood was obtained from the femoral artery catheter
for plasma 3H inulin concentration.
After the first nephron evaluation was completed we pro-
ceeded to several other nephrons repeating the sequence limit-
ing the total time of evaluation for a given rat to approximately
two hours after the equilibration of inulin and infusion of
plasma. This time period allowed us to study five to six sets of
nephrons in each rat.
Effect offurosemide and bumetanide on uranyl nitrate single
nephron tubular injury. Toevaluate possible protective mech-
anisms in this model of acute tubular injury, two chemically-
different loop diuretics were utilized. The experimental proto-
col consisted of a similar localizing procedure for distal and
proximal tubular segments. A 7 to 9 micron tip pipette contain-
ing furosemide at either l0— or l0— M concentration or
bumetanide at l0 51 concentration was inserted in the early
proximal tubule, yielding with an approximate late proximal
tubular flow rate of 20 nI/mm, tubular fluid concentrations of 2
x l0 and 2 x l0 54. The pipette was attached to a Hampel
pump operating at 5 nI/mm during the entire procedure. As
previously described, pre- and post-uranyl nitrate perfusion
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distal tubular samples were obtained for tubular flow rate and
SNGFR. Samples from late proximal tubule of the same neph-
ron and undisturbed nearby nephron were similarly obtained.
Control perfusions (C) for both uranyl nitrate and ATF and
uranyl nitrate + diuretics were obtained by replacing the
uranium pipette with a pipette containing ATF. The effects of
constant perfusion at 5 nllmin ATF constantly throughout the
study and 7 nI/mm ATF for three minutes were evaluated with
both distal and proximal collections.
Since tubular perfusion of furosemide could modify the
tubular concentration of UN and/or its tubular reabsorption,
further experiments were set up using basically the same
protocol, with the single exception that furosemide infusion was
initiated immediately after the UN perfusion instead of prior to
UN.
Studies on tubular recovery of mu/in. To evaluate the possi-
bility of transepithelial back-leak of inulin across damaged
epithelia, we designed additional studies. In these separate
studies, a known amount of 3H inulin was continuously infused
into the early proximal tubules after the infusion of uranyl
nitrate or ATF. Utilizing FD&C dye, an early portion of the
proximal tubule was localized that also exhibited an early distal
tubule. With a Hampel nanoliter pump, either ATF or ATF
containing uranyl nitrate was anternately perfused into early
proximal tubules for a period of three minutes. After a period of
five minutes has elapsed a wax block was inserted into the early
proximal tubule and vented proximal to the wax block to allow
filtrate to escape onto the surface. A 3H inulin containing
pipette attached to a Hampel nanoliter pump was then inserted
into the segment immediately distal to the wax block and
perfusion begun at a rate of 20 nI/mm in order to deliver
approximately 170 cpm of 3H inulin per minute. After perfusion
has been established for a few minutes, an early distal tubule
collection (3 mm) was obtained in a manner similar to the free
flow studies and these radioactive cpm evaluated and compared
to the reference value. A 100% reference value was obtained by
perfusing solution at 20 nI/mm for a period of three minutes into
a water droplet with this same nanoliter pump. Therefore, three
separate sets of data were obtained: a) the pump calibration, an
evaluation done in vitro into water droplets; b) a distal collec-
tion following the infusion of artificial tubular fluid for three
minutes; and c) a distal collection following the perfusion of the
nephron with the uranyl nitrate containing solution over three
minutes. The data were then expressed as cpm in collected
distal tubular samples as a percentage of the computed refer-
ence values in order to assess the degree of loss or recovery of
inulin from the early distal tubular collections.
Glomerular capillary hydrostatic pressure before, during and
after uranyl nitrate rnicroperfusion
These studies were designed to determine whether the
changes in SNGFR following administration of UN into the
early proximal tubule were associated with or caused by
alterations in directly measured glomerular capillary hydro-
static pressure (P0) [17]. For these studies only nephrons with
surface glomeruli were selected. Utilizing a 3 sm tip pipette
filled with lightly FD&C, dye stained NaCl:NaHCO3 solution
was carefully inserted into urinary space to prevent disruption
of the glomerular caplary and an injection made to determine
the configuration of proximal tubular loops on the surface. The
uranyl nitrate containing pipette connected to the Hampel
nanoliter pump was inserted into an early proximal tubular
segment, but the pump not turned on. Immediately thereafter
the micropressure device, utilizing 1 sm tip pipettes, was
utilized to obtain a stable P0 in that nephron. Pressures were
monitored continuously on a Statham chart recorder utilizing
techniques previously described from this laboratory. Follow-
ing a period of at least three to four minutes of stable PG, the
UN pump was turned on for a period of three minutes to deliver
0.5 ng of UN at a rate of 7 nI/mm. P0 was monitored continu-
ously during the UN perfusion and for at least 10 minutes after
termination of the UN.
Analysis and calculations
Nephron filtration rate (SNGFR) was computed as follows,
where SNGFR = TF/PIN Vf, and TF/PIN = the tubular fluid to
plasma inulin concentration ratio, and V equals the volume
collected per minute or the volume flow rate of the tubular fluid
collection. Therefore, VLP equals the volume flow rate col-
lected from the late proximal tubule and VD equals the flow rate
from distal tubular collections. From these values one can also
compute absolute reabsorption in the proximal tubule (APR),
and the loop of Henle reabsorption is then equal to VLP — V.
Energy dispersive x-ray spectrometry was used to quantify
electrolytes (sodium and chloride) in samples of tubular fluid
collected from the distal tubules of cortical nephrons using a
method developed and described in detail by Quinton [181.
Collected tubular fluid was transferred to a petri dish containing
water-saturated hexadecane. Subsequent transfers of tubular
fluid and electrolyte standards, to a carbon-coated, parlodion
film mounted on a nickel grid (100 mesh) were made with a
teflon-coated glass picoliter pipette under hexadecane in order
to prevent evaporation. Tubular fluid and electrolyte standards
were pipetted with the same picoliter pipette to insure that
identical volumes were available for analysis. The pipette was
rinsed in distilled water between each different standard or
tubular fluid sample. After rinsing in hexane, the grid with
microdrops was placed in a vacuum vial, flash-evaporated
under vacuum and kept under vacuum until microanalysis was
performed.
The specimen grid was transferred from the vacuum vial to
the specimen chamber of a scanning electron microscope
(SEM) quickly to avoid rehydration of the microdrops. Modi-
fications of the specimen grid and specimen holder as recom-
mended by Quinton reduce electron scatter and background
x-ray counts [18, 191. Microanalysis was performed with an
ETEC Autoscan SEM equipped with a KEVEX 5100 x-ray
energy spectrometer. The SEM was operated at a 20 KeV
accelerating voltage and a 1.5 nA specimen current as deter-
mined by a specimen current Faraday trap. Working distance
was kept at 12 mm and tilt angle at 45 degrees. Microdrops were
irradiated with the electron beam of the SEM for 100 s. A
magnification of 200 diameters was used with a reduced raster
set to just include each microdrop. Sodium emission was
measured in the 1.01 to 1.09 keY range and chlorine emission in
the 2.59 to 2.67 keV range. A dedicated PDP-1 1 computer was
used to manage data collection and store integrated spectral
analyses. Background in the sodium and chloride windows was
determined by linear interpolation between counts accumulated
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Table 1. Glomerular and tubular data, comparison between groups
C UN UNt FL UN+ PH UN+ B
ni/mm
N—
Pre
13
Post
N=15 N 16 N= 15 N= 11
Pre-UN Post-UN Pre-UN Post-UNPre-UN Post-UN Pre-UN Post-UN
SNGFRLP 42.3 39.0 37.6 282ab 339b 278ab 342b 345C 325b 367C
±2.4 ±1.5 ±1.3 ±2.1 ±2.1 ±1.7 ±1.7 ±2.2 ±2.9 ±1.7
SNGFRD 35.0 33.6c 30.9 26.3a 30.0 228ab 32.7 355C 31.0 31.9c
±1.9 ±3.6 ±1,5 ±2.0 ±2.6 ±2.9 ±3.0 ±4.8 ±2.1 ±2.9
APR 13.7 13.2 14.5 11.6" 12.0 7.Oa1Dc 12.2 9.7 14.8 8.5""
±2.0 ±1.5 ±1.1 ±1.0 ±1.2 ±1.1 ±1.3 ±1.5 ±0.9 ±1.3
VLP 27.4 27.8" 217" l7oab 22.3 20.9" 21.3 24.8" 22.1 24.4"
±2.2 ±2.0 ±1.1 ±1.6 ±1.6 ±1.9 ±1.4 ±1.8 ±1.5 ±3.4
ALR 16.3 14.7 12.9 10.0 9.9 12.8 1.2"" 53"" s9bc 8.8"
±2.1 ±2.3 ±1.2 ±1,1 ±1.5 ±1.6 ±2.3 ±2.0 ±2.0 ±3.2
V0 13.0" 13.0" 82" 62"" 12.1" 7.8"' 17.3" 16.6" 15.3" 16.0"
±1.2 ±1.4 ±0.6 ±0.9 ±1.3 ±1.1 ±1.8 ±2.7 ±1.7 ±1.2
Abbreviations are: C, control; UN, uranyl nitrate; UN + FL, uranyl nitrate + furosemide (low dose); UN + FH, uranyl nitrate + furosemide
(high dose); UN + B, uranyl nitrate ± bumetanide; SNGFRLP, late proximal single nephron filtration rate; SNGFR0, distal single nephron filtration
rate; APR, absolute proximal reabsorption; VLP, late proximal flow rate; ALR, absolute 1oop reabsorption; V0. distal flow rate,
"Pre-UN vs. post-UN within group P < 0.05
bp < 0.05 vs. corresponding value in C
C P < 0.05 vs. corresponding value in UN
in windows on either side of the sodium and chloride windows.
The resulting background-subtracted integrals of the sodium
and chloride peaks were plotted against the concentration of the
standards (sodium chloride 10 to 70 mEq/liter), the concentra-
tion of which was determined by established clinical methods.
Least-squares linear regression was used to determine the best
fit of the calibration curve which was then used to determine the
the sodium and chloride concentration of the distal tubular fluid
samples. Correlation coefficients of calibration curves were
0.99 or better.
Statistical analysis
Variance is expressed as the mean ± 5EM and statistical
significance as P c 0.05. Statistical comparison of pre- and
post-uranyl nitrate values for SNGFR and tubular flow were
determined by paired analyses as were electrolyte concentra-
tions in early distal tubular samples 20, 211. Adjacent proximal
tubule was considered to represent the pre-UN values because
of the physical constraints of the experimental design. Inter-
group comparisons were evaluated by unpaired Student's t-test.
Results
Control studies with two perfusion pipettes with ATF utiliz-
ing this protocol defined the effects of three minutes of perfu-
sion with artificial perfusion fluid at a rate of 7 nI/mm on the
SNGFR in distal and late proximal tubules five to ten minutes
after perfusion. This perfusion fluid, of course, did not contain
uranyl nitrate. The distal SNGFR was unchanged by this
maneuver (35 nl/min prior to perfusion and 33.6 nI/mm after the
infusion, Table 1). The late proximal control value obtained
from an adjacent nephron was systematically higher (42.3 ±
2.4) than the distal tubule value reflecting tubuloglomerular
feedback activity. After the control perfusion the proximal
SNGFR in the same nephron was 39.0 ± 1.5 nI/mm, proximal
tubular values that were not statistically different. These results
provide evidence that the presence of two pipettes in the early
proximal tubule did not produce major disturbances in filtration
function and comparisons between adjacent nephrons were
valid. The distal tubular flow rate and late proximal tubular flow
rate were unchanged after transient perfusion with artificial
perfusion fluid. In addition, absolute proximal reabsorption and
absolute loop of Henle reabsorption were not altered by the
transient perfusion with the vehicle alone. However, after
perfusion of the tubule for three minutes with uranyl nitrate
containing solutions (0.5 ng) the distal SNGFR fell significantly
from 30.9 ± 1.5 to 26.3 ± 2.0 nllmin (P C 0.05). The late
proximal value for SNGFR was reduced somewhat more dra-
matically from 37.6 ± 1.3 to 28.2 ± 2.1 nI/mm (P C 0.05),
eliminating the proximal: distal SNGFR difference after uranyl
nitrate. Tubular flow rates in the late proximal tubule fell
significantly, but distal tubule flow rates remained constant
after uranyl nitrate perfusion. At the same time absolute prox-
imal reabsorption decreased significantly but loop reabsorptive
rate was unchanged. Therefore, uranyl nitrate administration
for a period of three minutes resulted in significant reductions
in: I) SNGFR (measured in either proximal or distal tubules); 2)
flow rates in the late proximal segments; and 3) absolute
proximal tubular reabsorption.
In this study we also examined the sodium and chloride
concentration of distal tubular fluid samples before and after the
infusion of UN (Table 2). Paired distal tubular sodium and
chloride concentrations increased significantly (P c 0.01 indi-
vidually and P C 0.05 by Bonferroni correction analysis) after
uranyl nitrate administration associated with the reduction in
SNGFR. In spite that distal tubular flow did not increase after
UN, sodium and chloride concentrations were increased, sug-
gesting that there may have been persisting signal at the macula
densa which was contributing to this reduction in SNGFR.
Studies examining the recovery of perfused 3H inulin re-
vealed that recovery was 100% in ATF perfused tubules. In
those studies in which uranyl nitrate was administered, we
found there was no loss of inulin from the tubule utilizing
analysis of early distal tubular collections (Fig. 2). Therefore,
the evaluation of late proximal and distal SNGFR was an
accurate reflection of changes in nephron filtration rate and not
confounded by the transepithelial back leak of inulin.
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Table 2. Early distal tubular fluid sodium and chloride
concentrations before and immediately after uranyl nitrate perfusion
into the early proximal tubule
Distal tubular Pre-uranyl Paired Post-uranyl
fluid nitrate analysis nitrate
Sodium Mean SEM 22.0 2.4 P < 0.01 31.8 4.6
concentration sn 8.0 15.2
mEqiliter Range (11.6—39.4) (13.5—56.4)
Chloride Mean SEM 15.8 1.4 P < 0.01 23.0 3.0
concentration SD 4.6 9.8
mEqiliter Range (7.2—25.0) (13.2—38.9)
Bonferroni interaction of both ions P < 0.05
Effect of concurrent administration of loop diuretics
In these studies diuretics which inhibit thick ascending limb
tubular transport were administered in this fluid at 5 nI/mm
throughout the control and post-uranyl nitrate administration
periods. In separate control studies, however, we determined
that the continuous infusion of furosemide at approximately 2 x
i0 or 2 x iO M tubular fluid concentrations had no
systematic effect on the distal or late proximal SNGFR. How-
ever, there was a definite trend for the early distal flow rate to
increase as a result of the administration of these diuretics
(Table I). The absence of changes in both distal or proximal
SNGFR ruled out any possible evidence of activation of the
tubuloglomerular feedback system in spite of the increase in
distal flow rate and load to the macula densa. In uranium studies
we first examined the effects of concurrent 2 x i0 M
furosemide perfusion. It is obvious from the results depicted in
Table 1 that the continuous infusion of 2 x i0 M furosemide
did not prevent the uranyl nitrate induced reduction in SNGFR
since SNGFR in the distal tubule decreased from 30.0 to 22.8
ni/mm and the proximal tubular value from 33.9 to 27.8 nI/mm
(P < 0.05), values that were both significantly different on a
paired basis. It is of interest that distal tubular flow decreased
significantly but not proximal flow rate after uranium adminis-
tration, and proximal tubular reabsorption decreased after
uranium administration. However, when 2 x i0 M furo-
semide was concurrently infused the reduction in SNGFR was
completely eliminated in both proximal and distal tubular
collections (Table 1). The early proximal flow rate was evalu-
ated in control and post-uranium conditions and no change was
observed. Under these circumstances SNGFR did not change
and absolute proximal reabsorption was numerically lower.
Absolute loop reabsorption was depressed in both pre- and
post-UN conditions during furosemide, below values observed
in control animals and animals receiving the lower dose of
furosemide.
It is possible that the effects of high doses of furosemide, an
anionic compound, may have been mediated not by its effects
on tubular transport but by complexing the uranyl cation within
the tubular lumen, thereby decreasing tubular effects. As a
further test of this issue we utilized 2 x iO M bumetanide as
the test perfusion solution because bumetanide is approxi-
mately tenfold more potent than furosemide as an inhibitor of
ascending limb transport. As demonstrated in Table 1, concur-
rent infusion of 2 x l0 M bumetanide totally prevented the
reduction in SNGFR in both proximal and distal tubular collec-
tions. Although bumetanide prevented the reduction in SNGFR
after UN, absolute proximal reabsorption was decreased, sug-
gesting that UN caused acute reductions in proximal reabsorp-
tion without a change in filtered load. Bumetanide produced
significant increases in distal tubular flow rates before and after
the infusion of uranium due to the inhibitory effects on reab-
sorption in the loop of Henle.
To rule out any possible effect of simultaneous perfusion of
furosemide on tubular concentrations or uptake of UN, further
experiments (N 14) were undertaken where furosemide
infusion was initiated immediately at the end of UN adminis-
tration. In these experiments furosemide infusion resulted in a
significant prevention in the decrease in distal SNGFR when
compared to non furosemide perfused nephrons. Indeed, furo-
semide was associated with no significant change in SNGFR (N
= 6) as opposed to a 39% decrease ( 8.5 1.9 nI/mm) in
control nephrons (N = 8, P < 0.05).
Glomerular capillary hydrostatic pressure before and after
uranyl nitrate infusion
Monitoring P0 before, during and after the perfusion of the
tubule with UN over a three minute period revealed a P0 of5l.2
2.9 mm Hg in the pre UN period and during the UN perfusion
P0 was unchanged (Fig. 3). Immediately after the termination of
the uranyl nitrate perfusion there was a numerical reduction in
P0 to 49.3 2.5 mm Hg, but this value was not statistically
different by paired evaluation. Five minutes following the
termination of the uranyl nitrate, when distal tubular samples
were normally obtained, we found that the P0 was essentially
identical to values before and during uranyl nitrate infusion.
Therefore, we would conclude that, at least in this setting, the
reduction in SNGFR following uranyl nitrate is neither depen-
dent upon nor correlated with changes in P0.
Discussion
Prior studies from this laboratory [2, 8] have demonstrated
that the acute intravenous or intraperitoneal administration of
uranyl nitrate produces reductions in nephron filtration rate and
whole kidney GFR within a few hours after administration. A
major portion of this reduction in GFR was due to transepithe-
hal back leak of inulin and smaller salutes. In addition, nephron
filtration rate was primarily decreased as a consequence of
reduction in the ultrafiltration coefficient (LpA), since glomer-
ular capillary hydrostatic pressure and the pressure gradient
remained essentially constant. In more recent studies [8] we
found that prior treatment with angiotensin converting enzyme
inhibitor and/or plasma volume expansion within one hour of
uranyl nitrate was associated with normalization of LpA and
the nephron filtration rate. However, under these conditions
these maneuvers did not improve the degree of tubular damage
and degree of transepithelial back-leak of inulin. These studies
demonstrated that the reduction in filtration rate was functional,
in the sense that maneuvers such as converting enzyme inhib-
itor and plasma volume expansion could prevent the alterations
in glomerular hemodynamics and nephron filtration rate without
improving the degree of tubular damage. However, it remains
possible that the functional alterations that were prevented may
have been the result of either the systemic effects or direct
glomerular effects of uranium or some intranephronal commu-
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40 L
Pre-UN During UN Post-UN 5 mm
perfusion post-UN
Fig. 3. Effect of intratubular UN microperfusion (0.5 ng over 3 mm) on
glomerular capillary hydrostatic pressure (P0) measured directly and
continuously in the same nephron unit. As is the case with systemic UN
administration, UN intratubular administration did not alter P0. sug-
gesting that SNGFR decreased due to reductions in nephron plasma
flow and/or glomerular ultrafiltration coefficient.
nication between tubular damage with altered tubular reabsorp-
tive rate and the alterations in glomerular hemodynamics.
Therefore, the present studies were designed to clarify this
point by avoiding systemic effects of uranium and by avoiding
the direct exposure of the glomerulus to uranyl nitrate.
The results of these studies suggest that infusions of nephro-
toxins such as uranyl nitrate at the level of the single nephron
will acutely result in 20 to 30% reductions in nephron filtration
when evaluated by either distal or proximal tubular collections
and that these events will occur within S to 10 minutes after the
infusion of the nephrotoxin. This event is occurring at the level
of the single nephron and other nephrons are unaffected. The
reduction in filtration rate after microperfusion with uranyl
nitrate solution was reflected by reductions in SNGFR obtained
from both distal and proximal tubular collections and by loss of
the proximal-distal filtration rate difference normally observed
in both euvolemic and hydropenic animals. Analysis reveals
that distal tubule flow rates remain similar during pre- and
post-uranyl nitrate in spite of a modest reduction in SNGFR.
_____________
Fig. 2. Recovery of inulin perfused into a
1120 droplet (left) and into the proximal
tubule and collected from distal tubule after
saline microperfusion for 3 minutes (center)
and after UN microperfusion (right). UN
microperfusion did not cause leak of inulin
from the tubule, therefore assessment of
SNGFR in distal and proximal tubules
reflected the true ncphron filtration rate.
However, a significant increase in the concentrations of sodium
and chloride in the tubular fluid in early distal collections after
uranyl nitrate microperfusion establishes a clear stimulus for
the activation of the tubuloglomerular feedback system capable
of decreasing both distal and proximal SNGFR. This conclusion
is supported by the observation that APR decreased after
uranyl nitrate, even in the groups in which reduction in SNGFR
was prevented.
The role of tubuloglomerular feedback in the reduction of
nephron filtration was further addressed by the addition of
diuretics that affect transport in the ascending limb of the loop
of Henle [22—24]. Previous studies with these diuretics have
demonstrated that inhibition of tubular transport in this segment
of the tubule is associated with decreased tubuloglomerular
feedback activity. Infusions of high doses of both furosemide
and bumetanide were able to prevent the decrease in SNGFR
after the infusion of uranyl nitrate, It is of interest that concen-
trations of furosemide estimated in tubular fluid to be 2 x iO
M following dilution by tubular fluid were insufficient to prevent
the reduction in nephron filtration rate. However, concentra-
tions as high as 2.5 x l0 M furosemide totally prevented the
reduction in nephron filtration rate after the infusion of uranyl
nitrate. Intratubular perfusion of furosemide was associated
with increases in distal tubular flow rates before and after
uranyl nitrate administration and progressive inhibition of loop
of Henle reabsorption. It is possible, however, that these high
concentrations of furosemide, an organic anion, may have
prevented the effects of uranyl nitrate on the tubule by binding
or complexing the cation within the tubular fluid. We addressed
this issue by utilizing the loop diuretic bumetanide, an agent
which requires a log order lower concentration to produce a
similar inhibition of thick ascending limb transport, and with a
series of experiments in which furosemide was administered
after the UN. At concentrations of bumetanide 2.5 x l0 M we
observed total inhibition of reduction in nephron filtration rate
after uranyl nitrate and post UN administration of furosemide
also prevented the decrease in SNGFR seen with UN alone.
These results suggest that it is unlikely that binding or changes
in tubular concentration of uranyl nitrate within the lumen were
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the mechanisms whereby these ioop diuretics prevented the
reduction in nephron filtration rate. Furthermore, the fact that
furosemide administration after UN was delivered also pre-
vented SNGFR reduction demonstrates that the protection by
furosemide was not the result of diminished UN tubular effects
or decreased tubular reabsorption in cells affected by UN. The
most logical conclusion from these studies is that inhibition of
macula densa NaCI transport, the presumed afferent or sensing
limb of tubuloglomerular feedback, was the mechanism
whereby these agents prevented the functional reduction in
nephron filtration rate [25—28]. In spite of this strong evidence
for the major role for tubuloglomerular feedback mechanisms,
there are some surprising findings. One might presume that
interruption of the feedback loop by inserting oil into the late
proximal tubule for SNGFR evaluation should have prevented
the UN induced reduction in proximally derived SNGFR.
However, as we have shown with benzolamide administration
[13], brief (2 mm) interruption of the feedback signal does not
"turn off" the mechanism in the Munich-Wistar rats if the
increased delivery has persisted for some time, in this experi-
mental case at least 15 minutes.
Previous studies from this laboratory have clearly evidenced
the role of transepithelial back-leak of inulin in decreasing
whole kidney GFR several hours after the systemic infusion of
uranyl nitrate [2, 81. To rule out this possibility, specific studies
utilizing tubular perfusion of radioactive inulin solutions were
performed. The 100% recovery of inulin in all microperfusion
protocols clearly demonstrated that the changes in SNGFR
were not the consequence of transepithelial back-leak of inulin
but were directly related to a decrease in the formation of
filtrate at the glomerular level.
The acute reductions in SNGFR after UN microperfusion
were modest, in the range of 16 to 32% in the various paired
groups. This magnitude of decrease of SNGFR is within the
range commonly observed with tubuloglomerular feedback
activation by elevating tubular flow rate out of the late proximal
tubule. This magnitude of reduction in true glomerular ultrafil-
tration is also almost equal to the contribution observed at the
glomerulus in several models of experimental acute renal fail-
ure, especially after systemic infusion of uranyl nitrate. Inter-
estingly, not only the decrease in SNGFR is similar in both
systemic and single nephron perfusion, but the findings regard-
ing the role of glomerular capillary hydrostatic pressure were
similar between these two experimental models. Indeed, con-
tinuous monitoring of directly measured glomerular capillary
hydrostatic pressure during microperfusion of uranyl nitrate
demonstrated that reduction in nephron filtration is not associ-
ated with any detectable alterations in glomerular capillary
hydrostatic pressure. Although previous studies in the literature
have associated changes in tubuloglomerular feedback activity
with changes in stop-flow pressure or glomerular capillary
hydrostatic pressure, studies conducted in this laboratory have
demonstrated that changes in SNGFR induced by tubulo-
glomerular glomerular feedback activity can be independent of
changes in the glomerular pressure [17]. These results are
similar to those observed after benzolamide, in which modest
reductions in APR activate tubuloglomerular feedback and
reduce SNGFR in the absence of any change in directly
measured G [13]. Therefore, it is possible that in the present
experimental conditions, the reduction in nephron filtration rate
after UN is a result of either or both reductions in nephron
plasma flow and the glomerular ultrafiltration coefficient, find-
ings strikingly similar to the systemic effects of this agent.
These studies strongly suggest that a form of tubular injury
can be produced at the single nephron level which is functional
in nature, and probably results from the alterations in tubular
transport thereby activating tubuloglomerular feedback mech-
anisms. The basis for this conclusion is provided by studies
which demonstrate that very high doses of loop diuretics,
furosemide and bumetanide, do prevent the reduction in neph-
ron filtration rate following perfusion with the nephrotoxin.
Therefore, this study provides evidence that tubuloglomerular
feedback mechanisms are important to the alterations in gb-
merular hemodynamics that are characteristic of nephrotoxic
forms of tubular injury.
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